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Americium/ Oxidation / Basic media / Ferricyanide / than in basic media, no doubt because of their low solubility
Sructure in basic media [1-9]. A previously unknown facet of ameri-
cium chemistry was recently discovered, howeves: its
unexpected behavior, compared with the other transpluto-
Summary. Americium exhibits a soluble form in aqueous al- nium elements [10—12]: Am(lll) is selectively dissolved by
kaline media in the presence of ferricyanide ions(®)s* ),  oxidation in the presence of ferricyanide ions in alkaline

which is not the case for the other transplutonium element§nedia, while the other transplutonium elements remain in-

(TPE). This soluble Am compound can be obtained by additionsoluble. This property lays the groundwork for separating

of a concentrated basic solution of ferricyanide ions on a triva- : . . .
lent americium hydroxide precipitate. Thus, this technique en-Am from Cm and possibly from the lanthanides, in applica-

ables a complete and rapid extraction of americium through jtdlon of the radioactive waste treatment. This study was thus
soluble form in alkaline solutions whereas under these conditndertaken to extend our knowledge of the phenomenology
tions, other TPE and the lanthanides remain in the solid state a&nd mechanism, as the first step toward understanding the
trivalent hydroxides. In the case of dissolution involving large dissolution process and developing a functional process.
amounts of americium, the formation of the soluble americium  The chemistry of the ferricyanide ion was extensively
species is followed by the appearance of a reddish precipistudied in different manners [13—17], but the results avail-
tate in the basic soluti03n. Dissolution of the reddish solid ingple today concerning its reactivity with the transuranium
NaOH or NaOHFe(CN)s™ media demonstrated the existence glements in nitric acid or basic media are essentially quali-
of a media-dependent solubility of the precipitate, and thereforq‘:ﬂm\,e [10—12, 18—24]. The contact of solid Am, Cm, Cf and

theggésctﬁggﬁocgi?t (IS%?\tlitg/;/&éorIrEn; A?;S?J(lfll\leEAémhaman) and BK species with a basic ferricyanide solution results in selec-
: ' five dissolution of americium by oxidation (Fig. 1).

electrochemical investigations were carried out on the differen L . o .
forms of americium to determine the nature of the compounds, 1 he initial solid form of the actinides is usually an ac-
This study points out that the reddish solid Am compound istinide hydroxide but some other compounds could be used,
probably a Am(V) hydroxide: NAmMO,(OH);-3H,0 while the ~ such as A g AM(NO3);3-3H,0, AmMFECN)s-nH,O.
other Am species is a mixed americyl-ferricyanide complex.Aging the oxidized Am dissolution solution leads to the for-
This work demonstrates that this dissolution of Am(lll) solid mation of an Am(V) precipitate.

compound is much more complex than a simple oxidation by  |n the present paper we expose the results of structural
the ferricyanide ions. The existence of a molecular interactionyng mechanistical studies on the dissolution of americium

n : g o
?ﬁ?gig{éé{fgé%soﬁﬂ%ge;l;ﬁg:ﬂ:?ulrﬂnt?ylz Egshigfgmgigr'ﬁdehydroxide in basic ferricyanide solution. Investigating the
solution can be used to define a separation process of Am frorﬁ_:sso'uuon mechanism provides a means for understanding

lanthanides and other transplutonium elements in the field o e fundamental processes involved at the molecular level.

high level liquid waste treatment. All these aspects are the subjects of exploratory studies.
. A HI(OH) K3Fﬂ:x05 A + A |II(OH)
n M queous n
Introduction 3 oo 2 5
Americium chemistry received much attention recently An: Am cm Bk, Cf A Cm, Bk, Cf

since Am is one of the main radionuclide responsible for thﬂzig. 1. Transplutonium elements behaviour in the presence of ferri-
long term radiotoxicity of nuclear waste. Common processesyanide ions in basic solutions.

to separate americium from other transplutonium elements

or lanthanides (Ln) are developed in acidic media. The

chemical properties of the actinides in acidic media haveExperimental

been more extensively and more thoroughly investigated . . . .
. y any g All experiments were carried out using purifieAm

* Author for correspondence (E-mail: daniel.meyer@cea.fr). and ?**Cm supplied by CEA from its own inventory.



254 D. Meyeret al.

KsFe(CN)g, K,FE(CN)g-3H,0, NaOH and HN@purchased e KX L ¢ ‘v\’
from PROLABO was used without further purification. wt% Am
Mother solutions of different actinides were obtained by dis- 1o

solution of the related oxide in analytical grade nitric acid.
The actinide concentration in the mother solution ranged
around 01 M.

Dissolution experiments were performed using a tube
supplied on its top with a removabled® um filter com- 0.1
partment. The actinide hydroxides were obtained by adding om
1 ml of 4 M NaOH solution to 1 ml of a 1 M HN@actinide 0.01
solution in the top compartment. Centrifuged filtering iso- a red o
lated the resulting hydroxide precipitate. Alpha counting and
spectroscopy on the initial solution and the filtrate deter- %
mined the actinide amount in the solid precipitate. Usually Time (min
no ac_:tinide remained in the_ filtrate. The basic ferricyanideFig_zl Dissolution kinetics of Am and Cm (hydroxide forms) in
solution, freshly prepared (in order to prevent the carbonarhe presence of ferricyanide ions in basic solutigiMaOH| = 4 M,
tion of the sodium hydroxide solution) was then added on[Fe(CN)] =0.5M, V = 1 ml, M(Am) = 9619, M(Cm) = 62g.
the precipitate and after a determined contact time, typically
5 minutes, the solution was filtered. Actinide amount in the
filtrate was determined by alpha counting and spectroscopyteady reached the maximum value at the initial sampling

RAMAN spectra were acquired using a 532 nm He-Nepoint (Fig. 2).
laser LABRAM spectrometer and a liquid cell especially de-  The tests also showed that while 80—90 wt % of the ini-
signed for radioactive measurements. tial Am was dissolved, the Cm pollution remained below

Electrochemical studies were carried out in using a EGQ).01 wt % of the initial curium content (in the order of mag-
273A radiometer potentiostat, a HdgSQ, reference elec- nitude of the Cm contamination of the experimental glove-
trode and a Pt working electrode. box). The same behavior was observed in the presence of

A HP 8453 equipped with a diode detector was usedanthanide hydroxides, which were also insoluble. Ameri-
for UV-visible spectroscopy. Alpha counting was done with cium dissolution is thus possible with remarkable selectivity
a ZnS Canberra diode and the spectroscopy carried out dintom a solid mixture of Am, Cm and lanthanides.

a Si Canberra spectrometer. Monitoring the Am dissolution percentage versus the

X-ray absorption spectras were measured at the LURENaOH concentration revealed that the Am concentration
(Laboratoire pour [l'utilisation de Rayonnement Electro- in solution leveled off at sodium hydroxide concentrations
magretique) on the DCI ring (B GeV,Ac= 3.7 keV) using  above 4 M, and that the quantity of dissolved Am diminished
the D44 experimental line. The radiologically nature of theat lower NaOH concentrations. This may be attributable to
measured compounds imposed the use of a special samplariations in the solubility of the oxidized Am species ac-
holder [25] to avoid any risk of radioactive material disper- cording to the alkali concentration.
sion. A double crystal monochromator (Si 111) was used A solubility of 1.8 x 10-* M was determined for the total
and X-ray absorption was measured in transmission modeamount of americium dissolved by ferricyanide ions in the
EXAFS and XANES spectra were measured atltfjeedge  basic solution (Fig. 3).
of Am (18520 eV) using argon-filled ionization chambers.  For a given volume, exceeding this quantity of solu-
Energy resolution was around 7 €V and calibration was dondle Am in the initial hydroxide form does not result in
using ZrK edge of a metallic Zr foil at 181@eV [26].  Am(OH); insolubility, but rather in the formation of a dif-
EXAFS data were extracted from the raw absorption spectrderent reddish-brown precipitate (Scheme 1). Various disso-
by standard methods using in-house codes [27], and single
scattering approximation was used for quantitative fitting
procedure. The backscattering phases and amplitudes were Dissolution
extracted from the reference sampleMnO,(CO;),. The 54,100 %" ™ yiadts
data simulation was performed following the classical fit- [Am]

. . 18
ting procedure by back-transformation of each peak of the

pseudo-radial distribution function and fitting each Fourier- 15 x10°
filtered EXAFS contribution using the reference phases and 3 x 10*
amplitudes. 10 x10%
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Kinetic dissolution studies on an A®@H); (96u.9), . . . . .
Cm(OH); (62 g) solid mixture by a 4 M NaOH and@ M 10 15 20 25 30
K;Fe(CN)g solution were tried vainless. The laws govern- QAM (umol)

ing the process kinetics could not be determined becausgig 3. pissolution yield of Am in basic media as a function of initial
of the velocity of the reaction: Am dissolution had al- Am amount.
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Am + Fe(CN)( .. NaOH A s + AN s Table2. Redox potential of ferricyanide ion and Am compound in
#2100 M d.Ninl'icv UV analysis basic aqueous media.
issolution
Couples Potential8\,e Reference
Scheme 1. Formation of reddish precipitate in the presence of Ferri-
cyanide excess. AmY' O,(OH),>” /AmY O,(OH),>" 0.65 [4,6,28]
AmY O,(0OH)5* /AM(OH),1 4 0.2 [29]
. . . .. Am(OH),,/Am(OH )
lutions performed on different chemical forms of americium AEESH;AajAEESH;‘Baq = 82 Eﬂ
H H H H 4 a 3aq -V
emphasize the importance of the interface reactions betweelp L N> JFe(CN)e- 04 [6.7.10.29]

the Am species and the oxidant agent®¥)s>, trough the
final concentration of Am in solution or the oxidation degree

of the residual precipitate.
These observations enable us to conclude about the ngording to classical methods [33] and its X-ray absorption

ture of the compounds observed during the dissolution respectrum was recorded.

action and the mechanism. Firstly the minor dissolution and The XANES region of the absorption spectrum shows
the uncompleted oxidation of A(@H); compared with the an L,,-edge energy of 18518¢V for the reddish-brown
free form of An?t mentioned in the Table 1 show that the compound (Fig. 4); values were measured for an Am(lll)
reactions at the interface were clearly involved. Thus, disso{TEMA) compound (18512 €V) and for KKAMO,(COs),
lutions carried out on free forms of Am (Athand AmQ*) (185200 V). These findings indicate that the americium in
confirmed that the oxidation degree of the residual solid isthe unknown species is most likely at a higher oxidation
Am(V) (with its own solubility about BZx 10*Mina4M  state (IV or V). Analysis of the EXAFS oscillation revealed
NaOH medium) and dissolutions performed on this pentavatwo types of bonds around Am.

lent precipitate revealed that at least two Am species are
present in the dissolution process.

In order to extend our knowledge of the dissolution
mechanism, the nature of the observed Am compounds must
be determined, particularly for the final soluble form and the 4
reddish-brown precipitate.

The solid compound can be obtained in larger quanti- /
ties and isolated by filtration. This solid species is soluble i
in acid media, and the UV-visible spectrum shows that the,, | !
Am in solution is at oxidation state V, which is coherent with ,'
the redox potential of Am(V) complex in basic ferricyanide i
aqueous solution (Table 2). i

]
!
!
!
!
!
1

Reddish precipitate of Am

KgAIl‘lOz(COz)z ref. Am(V)

Am(IT)TEMA ref. Am(I1I)

In order to avoid any ambiguity concerning a possible
reaction when this compound is dissolved in acid solution, "
we analyzed the solid compound by X-ray absorption (Am
L, -edge) spectroscopy.

Reference compounds must be available both for the

XANES (edge comparison) and EXAFS (phase and am*® Lt —
plitude corrections) aspects of this type of spectroscopic 1850 1ss2 1854 1856 1858 1860 1862 18.64
examination. Although data are available for Am(lll) [32], < 10° eV

no Am(V) spectrum has been published to d*'_ite- Therig. 4. XANES spectroscopies of americium cpounds at thel,
K3AmO,(CG;), compound was therefore synthesized ac-edge.

Tablel. Results of different interactions of americium species with basic ferricyanide solution.

Americium SPECIES Reagents [AMaqueaus] (M) UV analysisin nitric solution
Am(OH), [FE(CN)¢> 1=0.5M 1.8x103M Am3*t +AmO,*

[NaOH =4M = mixture of oxidation degree in the Affkipitate
Am3* in HNO, [FE(CN)¢> 1=0.5M 25x103%M AmO,*

[NaOH =4.5M = only one oxidation degreein the AMy eipitate
AMprecipitate [F&(CN)s* 1=0.5M 2.3x10%*M AmO,*

[NaOH =4M = only one oxidation degree in the At
AmO," in HNO;, [F&(CN)s* 1=0.5M 25x103%M AmO,*

[NaOH =4.5M = only one oxidation degree in the Apitate
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Fig.5. Modulus of the PRDF of the EXAFS oscillation for the reddish W I
complex with a coordination number of 6 (phase corrected). :
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The EXAFS data from the ¥AmO,(CQ;), spectrum can Wavenumber (cmt)
be used to evaluate the experimental phases and amplg g Raman diffusion spectra of dissolved Am.
tudes, and to determine the bond lengths more accurately
and the coordination number of Am in the reddish-brown
compound (Fig. 5). A short (35 A) bond was thus at- was attributed to the polarizability variation due to the
tributed to the Am=O bonds of the americyl group, and symmetric G:Am=0 vibration. Except for americium car-
a long (249 A) bond to the Am-O bonds in the equatorial bonate, this line is situated around 750¢nin the case
Am—OH groups. The best fit of the experimental datas waof an O=An(V)=0 group, and near 800 cth for an
obtained with a coordination number of 6. These results sugo=An(VI)=0 group [34, 35] (An= Np, Pu, Am). In the
gest that the reddish-brown precipitate can be a hydroxidease of Am, the delocalized electrons of the carbonate
Nas_,AMO,(OH), (H,0),_,-nH,O (X = 3, 4). ligand stabilized the electron deficiency at the metal core
By comparing the bond lengths of the two Am(V) com- more efficiently than the oxo axial ligands. This will mini-
pounds, the electron overlap on the equatorial plane ofize the bonding effects in the axial field when changing the
the hydroxide was found to be greater for the carbonateoxidation state of Am complexed by carbonate type ligands.
(Table 3). In the absence of this type of equatorial ligands, the
The two free electron doublets on the oxygen atom ofobserved 40 crt shift toward the higher energy region in-
the —OH ligand can stabilize the high oxidation states bydicates that this Am compound has shorter -A@ bonds
7 donation to empty metal or f orbitals. This overlap re- than the AngV)=0 bond. This contraction is due to greater
sults in a contraction of the ligand-metal bond. In the caser donation by the oxygen atom to the Am atom, and is
of the carbonate ligand, the oxygen atom doublets are alsoharacteristic of a lower electron density in the metal. The
committed to the ligand system, making the ligand-metal americium in this compound is probably closer to an oxida-
contraction weaker. The increased equatorial overlap in théion state VI.
hydroxide compound tends to extend the axial-A@bond. The effect of the quantity of ferricyanide ions ver-
This implies that stabilization by axial and equatoriatio-  sus dissolved Am concentration on the dissolution per-
nation occurs with the same orbitals in the metal. Amplify- formance seems to confirm this result since a minimum
ing the equatorial orbital overlap in the hydroxide increasesFe(CN)s>/Am ratio of 3: 1 must be applied in order to
the electron density around the Am atom with respect to theeach the maximum of the dissolution (Fig. 7).
Am(V) carbonates. This increase accounts for the energy With an initial F§CN)g>~/Am ratio of 3: 1, an electro-
shift of the XANES emission edge when passing from thechemical potential measurement of a dissolution solution at
carbonate to the hydroxide. equilibrium gives a value below that of the Fe(lFe(ll)
While the solid compound was successfully analyzed,couple in this medium.
determining the Am species in solution was more difficult.
The low solubility of the complex prevented interpretation g _ 539y
of the UV-visible signature, and the X-ray absorption spec- " NHE
trum acquisition was unsuccessful because of the minute
guantity of Am in the solution.
Despite the drastic low concentration of Am, we were This result implies that most of the Fe is reduced to oxi-
able to measure a Raman diffusion spectrum for the comeation state Il, and that 3 electrons per Am are therefore
pound in solution (Fig. 6). A diffusion line at 790cm  necessary to reduce all the Fe(lll) to Fe(ll), as indicated in

E’o = 0.4V for Fe(lll ) (CN)> /Fe(ll) (CN)g>~

Table3. Am bond lengths for

Na,_,AmO,(OH), (H,0),_,-nH,O Compound Are=0 (A) Am—0 equatorial (A)
(x=3,4) and KAmMO,(CO;),
with a coordination number of 6.  Nas_,AmO,(OH),(H,0),_,-NH,O (x = 3, 4) 1.95 2.49

KsAmO,(CO;), 1.93 2.55
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1x10°*g [Am] (M) line 3 and 4, in the presence of a stoichiometric solution
] of FE(CN)s*>~ enable us to approach a new way to explain
. . B x B g the oxidative dissolution of Am(V). Assuming the Am in
TEELTF solution is at oxidation state VI, the AfW),, can be oxi-
1x10°°3 dized only byintramolecular transport after the formation

of an Am\V)-F&(CN)s*>~ complex (Eq. (2)). The hydrox-
yde type Na,AmO,(OH),(H,0),_,-nH,O (x =3,4) in
the same conditions is not able to form a ferricyanide
10°4 complex.

e e

<« —
[AmYO,(OH),-NC-Fé" (CN)5]* <—> [Am"' O,(OH),-NC-F¢' (CN);,];;)

107 T T T T T T T T T T T T T T T T T 1

0 S On the basis of these results we were able to define the broad
Molar Ratio nFe(CN),” /nAm(OH); outlines of a hypothesis to account for the mechanism by
Fig. 7. Dissolved Am quantityersus Fe(CN)¢>~/ Am ratio [NaOH] = which Am solid compound or its soluble form, is transferred
4 M,V =1ml Time= 30 min. to a basic ferricyanide solution.

The initial approach consists in dividing the process into
Eq. (1) two main steps. During the first step Am(lll) is dissolved,
q. (1) and the electron transfers between Fe and Am are intermo-
3 _ 4 lecular. During the second step, A, interacts with the
SFACN)6™ +AM(ITsoig — SFEACNDs Fe(CN)¢>~ ion in the INNER sphere, and electron transfers
+AMVDsouon- 1) are intramolecular.

This result was confirmed by the direct measurement of
the ferricyanide ions concentration along the dissolution ofstep 1

the trivalent Am: finally in the basic solution, all the initial . , .
Fe(CN)¢* ions were reduced in order to oxidize and solu- The overall balance for this step is expressed by the disso-

bilize the americium. Cyclic voltammetry analysis showedUtion and oxidation of Am(llf) to Am(V) hydroxide by the
that the potential of the AVI)/Am(V) couple is higher ferricyanide ion (Eq. (3)):

than for the Fdll)/Fell) couple under the same experi- a 3
mental conditions (Table 2 and Fig. 8). This observation AM(OH)zgpiq +40H" + 2FECN)s™ —

means that it is impossible for Fe(lll) to oxidize Am(V) by AMO, " jqueoust 2FECN)G* +2H,0  (3)
anintermolecular electron transport mechanism in aqueous ) )
solution. The manner in which each elementary process occurs has

However, the differences in the amount af dissolvednot been precisely established. Oxidation may occur entirely
Am between a complexed form of pentavalent Am (suchin solution by reaction of the small quantity of dissolved
as Na_,AmO,(OH),(H,0), ,-nH,0, x = 3,4) and a free AM(OH); with the ferricyanide ions, in which case the re-

aqueous complex of Am(V).e. AmO¥) as shown in Table 1  actions would shift the AfOH); dissolution equilibrium as
in Eq. (3). At this stage the free form of Am(V) can react

with another FECN)s>~ molecule (solubilization) or precip-
Intensity (A) itate to form Na_,AmO,(OH),(H,0),_,-nH,O (x =3, 4)
(hydrolysis of the excess of Am, overs2x 1073 M).

5x10° Am"'0,2/Am"0,*
4x10' Step 2
3- 4-
3x10° Fe(CN)s™/ Fe(CN)s In the second step, the aqueous form of Am(V) combines
with the third F&CN)s>~ molecule to form an Am(VI)
2510 complex of the following type[AmY'O,-NC-FgCN);s], as
shown in Eq. (2).
%16 The reaction between a dissociated form of Am(V)
with a ferricyanide ion leading to the formation of an
0 Am(V)-Fe(lll) compound is a possible hypothesis. An
interaction between the metallic centers by a delocal-
s ized = system é€g. Am-N-C-Fe) could be considered.
1x10 —— 77T The AmVI)-Feg(ll) compound would then be a resonant
06 04 02 0 02 04 06 08 10 form of the AmV)-Fe(lll) species through reversible in-
Potential (V/ENH) tramolecular electron transfer along thesystem. These

Fig. 8. Cyclic voltammetry diagram of an Am solution after dissolution [esonant fo,rms E,irenonly extreme ,forms of reahtyi If the
by FECN) in NaOH medium.[Am] = 2.2 x 10-*M, [NaOH] = Am(VI)-ferricyanide” compound exists, only a fraction of

4 M, Fe/Am'"'= 3, S= 0.2 cn?, Ref: Hy/Hg,SO,. the electron density and not the entire electron is transferred
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from the Am to the Fe. ThisAmO,Fe(CN)g]*~ compound
could precipitate as Na AmO,(OH), (H,0)4_,-nH,O (x =
3,4) by reduction of the actinide (radiolysis) and dis-
sociation of the bimolecular complex (no more electron
delocalized).

6.

Conclusion 8.

This work demonstrates that selective dissolution of ameri- 9.
cium by a basic ferricyanide solution could lay the founda-
tions for a process by which Am is separated from the other;
transplutonium elements and from the lanthanides. The dis-
solved Am is highly pure. Although the low solubility of

Am constitutes a limitation this obstacle to industrial de- 11.

velopment might be eliminated by modifying the reaction

medium, or mitigated by using the basic medium as a trans- 5.

fer vector toward another medium.

At a more fundamental level, X-ray absorption ana- 13. Bellc
14. Griffith, W. P.: Coord. Chem. Re%7, 177 (1975) and references

lyses were carried out for the first time on Am(V) com-
pounds. The axial AmO and equatorial AmO bond
lengths in the Na,AmO,(OH),(H,0)4_,-nH,O (x = 3, 4)
and K;AmO,(CG;), compounds have been determined in

the solid state. The postulated existence of an electro’: . ,
18. Hassan, R. M., Kojima, T., Kukutomi, H.: Bull. Res. Lab. Nucl.

deficient Am compound[AmO,Fe(CN)g]*") accounts for

the overall electron balance of the dissolution process, and g
20.

for the shifted G=Am=0 line of the Raman spectrum.

The broad outlines of a mechanism accounting for Am
dissolution by ferricyanide ions in basic media were given
from the experimental data. An oxidizing dissolution phase 5,

density transfer were considered.

A more detailed analysis of the sofidjuid interface will
be necessary to localize and identify the sequence of the iniog,
tial steps. It will be indispensable to verify the hypothesis of
an Am-Fe interaction via a cyanide ligand before progress-27-
ing with the study of the dissolution mechanism. Finally, 2
determining the exact nature of the Am-ferricyanide com-
pound is crucial to understanding the intramolecular elec-
tron transfer.

25.

29.
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